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INTRODUCTION 


A  reiK-rt  is  made  herein 
oxidaiio;.  of  aluminum  in  contact 


of  additional  experiments  performed  on  the 
with  mercuric  iodide.  Previous  reports  (1) 


pointed  out  the  important  inOuence  of  relative  humidity  on  the  oxidation  rate. 
These  e.xperiments  were  extended  to  relative  humidities  as  low  as  27fo  and 
additional  experiments  were  carried  out  at  27-lCO^  relative  humiditj. 

X-ray  diffraction  studies  have  also  been  carried  out  for  the  purpose 
of  determ:  ing  the  nature  of  the  reaction  products  and  with  the  hope  that  an 
insisht  might  be  obtained  into  the  crucial  role  played  by  wat.:r  vapor  -n  the 


overall  oxidation. 


‘1. 


description  of  apparatus 

The  apparatus  used  in  the  oxidation- rate  measurements  uas  the 

same  as  described  in  the  Eighth  Quarterly  Report  (1). 

The  X-ray  diffraction  investigations  were  carried  out  using 
Conner  radiation  and  coaventicaal  pourder  techniques. 


$ 


3. 


EXPERIMENTAL  PROCEDURE 

The  procedure  for  measuring  the  rate  cl  oxidation  of  aluminum  in 
the  presence  of  mercuric  iodide  has  been  given  in  the  Seventh  and  Eighth 
Quarterly  Reports.  Samples  of  Reynolds  99.  999^  aluminum,  having 
exposed  surface  areas  of  approximately  1. 25  cm^,  were  used. 

The  oxygen  consumed  during  an  experiment  was  measured  by  a 
pressure  gauge;  and  values  cf  AP  in  mm  Hg  were  converted  to  AW^  in 
mg/cm~  from  the  following: 


A  W  =  YM 


VM 


i.  25R  T 

where  ^  *25r  constant  throughout  the  experiments.  Values 

of  A  iV  were  plotted  vs.  time  for  each  experiment  and  the  slopes  of  the 
linear  portions  of  the  curves  were  graphically  determined. 

The  oxides  used  in  the  X-ray  diffraction  studies  were  ia\*estigatcd 
during  several  periods  of  aging  under  various  conditions.  In  all  cases 
tht  oxides  were  X-rayed  immediately  after  being  taken  from  the  reaction 
chamber.  Upon  aging  in  a)  a  very  dry  atmosphere,  b)  a  vexy  humid 
atmosphere,  or  c)  at  room  conditions,  for  different  lengths  of  time,  the 
oxides  were  periodically  X-rayed.  Comparison  of  succeeding  X-ray 
patterns  indicated  any  changes  in  crystallinity  upon  aging  under  the 
different  conditiens  used. 
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RESULTS  AND  DISCUSSION 

As  prcvioasly  reported  {!).  the  oxidation  of  aliuninum  occurred 
linearly  u.*ith  time  in  the  presence  of  mercuric  halides  and  water  vapor. 

The  slope  of  this  linear  curve  uras  constant  at  any  particular  relative 
humidity  and  increased  vdth  an  increase  in  relative  humidity. 

The  first  portion  of  this  report  presents  additional  data  to  be  used 
in  conjunction  with  all  the  previous  oxidation-rate  measurements.  Several 
new  saturated- salt  solutions  have  been  •■.sed  to  give  relative  humidities 
different  from  those  used  previously.  The  slopes  of  the  oxiditicn-rate 
curves  arc  listed  in  Table  A  along  with  the  relative  humiditi‘*s  obtained 
from  the  saturated- salt  solutions. 

Figures  1  and  2  are  rate  curves  fo-  experiments  at  100%  R.  H. ; 
Figures  3  through  5  at  92. 9%  R.  H. :  Figures  6  and  7  at  74. 9%  R.  H. ; 

Figures  S  through  10  at  34. 2%  R.  H. :  Figures  11  and  12  at  26. 6%  R.  H. 

The  influence  of  the  relative  humidity  upon  the  oxidation  rate  is 
noted  in  Figure  13.  where  the  average  values  of  the  different  slopes  (m) 
arc  plotted  vs.  the  relative  humidities  at  which  the  slopes  were  dete.'rr.ined. 
The  laxy  -  S  curve  is  very  similar  to  Figure  33  of  the  Eighth  Quarterly 
Report  (page  34)  but  additional  points  have  beem  included  which  change 


the  shape  somewhat.  The  rapid  increase  in  oxidation  rate  is  still  noted 
in  the  60-75%  R.  H.  range. 


T 


H.  V  a  o  ^ 
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TABLE  A 

Values  for  Ihe  Slopes  of  the  Oxidation  Rate  Curves  at  Different 
Relative  Humidities  at  30®  C. 


Saturated  Salt 
Solution  Used 

Relative 
Humidity  {%) 

Slope  (m) 
mgQ^/ cm^/min 

-A  g.  Slope  1 

Distilled  Water 

-- 100.  0 

0.  630 

0. 6l5 

-'100.0 

0.610 

INH4)H2P04 

S2.9 

0.583 

92.9 

0. 665 

0.613 

92.9 

0. 650 

BaCl2- 

83.0 

- 

0.  559 

(NH.j)2SOj 

81. 1 

- 

0.  520 

NaCl 

74-9 

0.466 

74.9 

0.475 

0.471 

NaN*03 

72.7 

- 

0. 409 

NaN02 

63.0 

- 

0.271 

NaBr-  2H2O 

56. 2 

- 

0.213 

54.2 

0.200 

54.2 

0. 20c 

0.202 

54.2 

0. 206 

CrOy 

44.6 

- 

0. 136 

Nal-  2H2O 

36.4 

- 

U.  0-90 

KF 

26.6 

0.  049 

0.  047 

26.6 

0. 046 

^Overall  average  slopes,  using  these  data  with  data  from  page  8.  Eighth 
Quarterly  Report.  The  value  cf  m  =:  C.  566  for  the  last  experiment  at 
100%  R.  H.  in  the  Ei^th  Quarterly  Report  was  omitted  in  calculating  the 
average. 


- 


♦ 


T 


(minutes) 


vua/Zortui)  _()i  X  'jy. 


The  lattes-  portion  of  this  report  is  concerned  -with  X-ray  diffraction 
studies  of  the  oxides  formed  at  different  relative  humidities  and  under  varioiss 
aging  conditions.  Table  B  summarizes  the  X-ray  data  collected  on  a  number 
of  oxide  sa  .nples. 

in  every  case  in  which  the  oxides  were  X-rayed  immediately  after 
preparation,  there  existed  one  to  three  faint  lines  on  the  film  regardless  of 
the  relative  humidity  at  which  the  oxides  were  formed.  Upon  aging  in  the 
desiccator,  even  for  long  periods,  the  lines  either  became  fainter  or  dis¬ 
appeared  altogether.  Xo  correlations  of  these  lines  could  be  made  with  any 
form  of  aluminum  oxide,  mercuric  iodide  or  metallic  alnminr.m.  The  ”d'* 
spacings  are  as  follows:  2. 20  A. .  1. 99  A. ,  and  1.  ?5  A. 

One  sample  which  was  formed  near  100%  R.  H,  was  placed  in  an 
oven  at  115*0.  for  ten  hours.  There  appeared  to  be  no  change  in  the  structure 
of  the  osdde  (one  faint  line  which  could  not  be  correlated),  and  the  small 
weight-loss  was  assumed  to  be  due  to  samace  water.  The  same  sample 
was  &sn  placed  in  a  high  relative  humidity  chamber  (near  100%  R.  H. )  for 
seventy-one  hours.  The  same  single  line  at  1. 99  A.  was  observed.  After 
returning  this  sample  to  the  hi^  humidity  chamber  and  leaving  it  for  one 
month,  the  Snal  X-ray  eschibited  seven  diffuse  lines  corresponding  to 
fl(Ai20^  *  ^2'^'  boehmite.  The  physical  appearance,  however,  did  not 

change.  Since  this  oxide  had  the  tendency  to  form  the  monbhydrate  when 
kept  in  a  hi^  humidity  chamber,  the  original  oxide  was  assumed  to  be  a 
more  anhydrous  form.  This  condusion  is  consistent  wriUi  the  unchanged 


19. 


TABLE  B 

Oxide  Formed 


at  H.  H.  (%) 

Aging  Time 

Aging  Conditions 

No.  Lines 

Correlation 

>•'  100 

O 

3  faint 

none 

—  100 

16-1/2  hrs. 

Desiccator 

1  faint 

none 

81.  1 

O 

_ 

1  faint 

none 

It 

20  hrs. 

Desiccator 

none 

cone 

74.9 

O 

- 

1  faint 

none 

72.7 

O 

3  faint 

none 

IS 

21-1/2  hrs. 

Desiccator 

3  faint 

none 

ff 

92-1/2  hrs. 

Desiccator 

3  faint 

none 

92.9 

O 

none 

none 

O 

Boiled  in  H2O 

5  min.  Sc  dried 
in  air  overnight 

it  b  cad 

«  AI2O3-H2O 

^  100 

O 

1  faint 

none 

If 

O 

Boiled  in  H2O 

30  min.  Ic  dried 
-acith  heat  lamp 

8  broad 

«  A1203-H20 

tt 

O 

Foiled  in  0.  IM 
HCl  for  30  min, 
vrashed  in  H2O. 
EtOH  Sc  Acetone 

29  sharp 

indeterm. 

(mixtare) 

ft 

64  hrs. 

Dessicatcr 

1  faint 

none 

ft 

10  hrs. 

Oven  at  115*C. 

1  faint 

none 

If 

71  hrs. 

-'lOOS  R.H. 

1  faint 

none 

ff 

1  month 

^100SR.H. 

7  faint- 
broad 

■0CAI2O3.H2O 

ff 

O 

Boon* 

1-2  &int 

no^£ 

ff 

60  hrs. 

Room 

7  faint, 
sharp 

ff 

86  hrs. 

Room 

17  strong, 
sharp 

«  Ai203-3H20 

ff 

146  hrs. 

Room 

17  sharp 

If 

If 

2  months 

Room 

22  strong. 

ff 

sharp 
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X-ray  pattern  of  the  oxide  after  heating  in  the  oven  at  IIS^C. 

.Another  oxide  sample  formed  at  approcomately  100%  R.  H.  was  boiled 
in  water  for  thirty  minutes  and  dried  with  a  heat  lamp.  The  X-ray  pattern 
contained  eight  broad  lines  corresponding  to  a(Al203*  H2O.  This 
demonstration  further  suggested  the  less  hydrated  nature  of  the  initial  oxide, 
for  Spooner  (2)  found  tha*  an  isolated  anhydrous  oxide  was  converted  to 
AI2OJ*  H2O  when  boiled  in  water.  A  second  oxide  s<  -plc  formed  at 
*#2. 9%  R.  H.  underwent  the  same  transformation  tc  etAliiOj-  H2O  after 
exposure  to  boiling  water  for  five  ntinute*'  and  drying  in  air  overnight.  The 
X-ray  pattern  contained  eleven  broad  lines. 

The  formation  of  the  trihydrate  from  the  amorphous  oxide  also 
has  been  accomplished.  The  oxide  was  prepared  at  100%  R-H.  Two  faint 
lines,  which  could  not  be  correlated  with  any  known  aluminum  oxide,  were 
obsexA'ed  on  the  powder  diffraction  photograph.  Upon  aging  at  room  conditions 
(the  sample  was  placed  in  a  plastic  vial  and  left  on  the  table  top)  the  oxide 
began  to  crystallize  slowly.  After  two  months,  the  X-ray  pattern  contained 
twenty-two  strong,  sharp  lines  corresponding  to  the  pattern  of  ctAl^Os*  SH^Q- 
The  X-ray  patterns  at  various  stages  of  this  transformation  are  giver  in 
Figure  14  over  the  entire  two-month  period. 


•  W  T  i  2 


1  3^  J  V  .  S 


V"'  d  0 


FIGURE  14 

X-Ray  Powder  Patterns  Slowing  the  Transformation  of  Amorphous 
Aluminum  Oxide  Formed  near  100%  R.  H.  to  etAl203-  3K2O. 


Immediat^v 


60  Hoars 


86  Hours 


146  Hours 


Two  Months 
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Therefore,  under  less  drastic  conditions  than  exposure  to  boiling 
■jcater  a  degree  of  hydration  greater  than  the  saonohydrate  -wras  obtained. 

Kuttig  and  Kolbl  (3J  similarly  found  a  limited  quantity  of  bayerite  (yg  AI2O3*  3H2O) 
--Wien  anaj-drous  AI2OJ  at  20*  C.  was  left  in  contact  with  -si-ater  vapor  for  one 
month.  Kiselev  and  Smirnova  (4)  found  that  a  mixture  of  ccAij,02'  2nd 
otAi^O^-  3K,0  was  formed  xshen  anhydrous  Al^O^  was  left  in  contact  with 
saturated  water  vapor  at  37*  C.  for  several  weeks. 

Bentley  and  Feachcm  (5).  on  the  other  hand,  found  that  the  trihydrate 
was  forn.cd  when  amorphous  AI2OJ  was  placed  in  liquid  water  at  20*C. .  but 
only  the  monohydrate  was  found  when  the  amorphous  oxide  was  washed  in 
liquid  water  for  four  days  at  60* C.  Other  workers  (6),  (7),  'S).  found  that 
the  n.onohydralc  was  formed  from  anhydrous  alumina  when  ettposed  to  liquid 
water  or  water  \apor  at  higher  than  room  temperatures.  The  reason  for 
the  formation  of  different  hydrates  under  similar  conditions  apparently  is 
not  yet  understood. 

The  oxide  samples  were  often  kept  in  plastic  vials  which  were 
exposed  to  direct  sunlight  for  snort  periods  during  the  aging,  in  order  to 
determine  the  possible  eiiect  of  aging  in  the  presence  uf  radiation,  few  of 
the  amorphous  oxides  were  exposed  to  infrared  and  ultraviolet  light.  No 
effect  on  the  chemical  or  crystallographic  transformations  v  is  observed. 

The  exact  nature  of  the  original  aznorpheus  oxide  may  be  examined 
by  comparison  of  results  with  those  of  other  workers.  A  considerable  body 
of  experimental  information  is  availi^lc  in  the  literature  an  the  hydration 
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and  dehyeraxion  of  aiuminum  oxides.  A  fev?  of  the  published  reports  Tchicb 
have  a  direct  bearing  on  these  studies  -adll  be  cited. 

Although  some  authors  consider  the  different  hydrated  oxides  as 
hydroxides,  the  authors  of  this  r^ort  udll  use  the  notations  boehmite  and 
hydrargillite  or  bayerite  as  representing  true  hydrated  oxides.  AI2O3*  ^3® 
and  AljOj- 3K,0.  re  ipcctivcly.  For  instance,  denser  and  Riech  (9) 
designate  boehmite.  hydrargillite  and  bayerite  as  f  A±OOH,  JiAKOH}^  and 
5^Al(Oir>,.  They  maintain  that  the  phases  should  be  considered  as  non- 
stoichiometric  hydroxides  urith  changing  CP~  content.  Tlie  same  designation 
-aras  used  by  Torkar  (10)  umcn  he  stated  that  the  trihydroxidt.^  only  exiri 
ai  rdati'.'cly  low  temperatures,  and  the  monohydroxide  at  room  temperature 
or  slightly  above. 

in  a  paper  concerning  the  tcrrcal  decomposition  of  the  hydrates  in 
dry  air.  steam  and  room  air.  Sznmpf  et.  al.  (11)  state  that  the  partially 
dehydrated  aluminas  tend  to  adsorb  'arater,  but  do  not  form  crystalline 
hydrates  at  room  temperature.  They  assumed  that  rehydration  may  tske 
place  at  high  temperature  in  the  presence  of  aater  vapor.  The  influence 
of  hydrate  particle  size,  water  vapor  content,  time,  temperature  and  purity 
was  given  with  reference  to  the  phase  tmnefermations.  These  aethers 
noted  that  the  X-ray  pattern  of  the  product  formed  caring  the  thermal 
decomposition  of  yS  -^2^3*  identical  to  that  obtained  for  the 

hydrated  oxide  formed  from  the  action  of  water  with  amalgamated  aluminum. 
The  present  studies,  however,  have  yidded  what  appears  to  be 


24. 


«  3K,0;  i.  e.  by  aging  an  amorphous  oxide  formed  by  exposure  of 

amalgamated  alumisum  to  urater  vapor.  The  nature  of  the  initially-formed 
amorphous  oxide  is  still  undefined.  hoTE-eve* 

in  an  extensive  paper  investigatiag  the  vacuum  dehydration  and 
subsequent  rehydratioa  of  the  alumina  hydrates,  Papee  et.  al.  (12)  have 


identified  a  transition  tl  phase  of  partially  hydrated  oxide  Echich  tsas  transformed 


directly  to  the  trihydrate  upen  rehydration.  The  total  d^ydrated  product, 

Al^Oj  0.  oK^O.  consisted  of  tveo  phases:  boehmitc.  representing  approximataly 


25^  of  the  product:  and  the  transitional  phase,  representing  7S^  of  the  produci. 
and  having  a  composition  Al^O^*  0, 45H2O.  Upon  rchydratice  the  boehia^tic 


phase  remained  unaltered  -Bchcreas  the  transitional  ^asc  was  quantitatively 
t  ransformed  into  baycritc.  yff  -^2® 3*  ^^2^'  phases  in 

the  dehydrated  product  was  diUicult  because  only  the  bo^dunitic  phase  •was 
easily  detected  by  X-ray  analysis.  The  transitional  phase  appeared  to  be 
c  radically  amorphous  with  only  one  X-ray  line  at  1.  395  A.  in  the  proximity 
of  very  strong  lines  of  the  over- shadowing  bo^milic  phase. 

When  the  dehydration  took  place  under  atmospheric  pressure,  the 
produd  indie -Jlcd  only  a  very  -weak  tendency  for  rehydration.  and  the  X-ray 


diagrams  were  used  So  idet^fy  the  transitici^  phase  as  essentially  ehi  (X  } 


alunxina  with  the  main  lines  at  1.  395  A. ,  1. 92  A.  (very  diffuse],  2. 12  A. 
and  2. 4i  A. 


The  original  oxide  formed  in  the  present  study  near  100%  R.  H.  and 
under  pressures  slightly  less  than  atmospheric,  aged  to  Ai^O^* 


25. 


Similarly,  Papee  d.  ai.  formed  a  trassiticnal  ^ase  of  alumina  by  d^ydration 
of  faydrargillite  under  vacuum,  -sehicb  simsequently  rehydrated  to  Al203‘  3H2O. 
Both  the  original  oxide  of  the  present  study  and  the  transitional  alumina 
exhibit  similar  X-ray  diuraction  patterns,  namely  much  scattered  radiation 
and  only  one  to  three  definite  lines.  Both  these  oxides  also  apparently 
contained  less  uater  tLan  ti^  corresponding  to  the  monohydrate.  Fnr&ermore. 
a  very  finely  divided  sample  of  hydrargillite  used  in  forming  the  transitional 
alumina  was  fotmd  by  Papee  to  be  composed  of  lamellar  microcrystals  having 
the  dimensions  of  l.CbO  to  10.  ODO  A.  Hcyn  nS)  found  that  the  particle  size 
of  the  amorphous  oxide  formed  in  this  study  was  100  to  2,  OCD  .\.  in  size 
These  dimensions,  then,  arc  on  the  same  order  of  magnitude. 

The  transitional  alumina  exhibited  an  X-ray  pattern  resembling  that 
o*  chi  )  alumina.  The  oxide  formed  in  this  study  also  exhibited  a  strong 
X-ray  line  (1. 99  A.  J  close  to  a  diffuse  line  of  chi-alumina  (2. 00  A.  ). 

Papee  ct.  al.  have  proposed  a  mechanism  for  the  formation  of  the 
transitional  alumina  based  on  1)  case  of  water  vapor  transport  throu^  the 
oxide  under  varying  pressures,  and  2)  size  of  pores  through  the  oxide,  and 
3)  the  specific  surface  area,  it  wa»  juund  by  adsorption  of  C£^H|2  ozt 
transitional  alumina  that  the  smaller  the  pore  size  the  greater  the  decree  of 
rehydration.  This  tendency  fox  r^ydration  was  directly  related  to  the 
very  large  specific  surface  area  and  the  small  pores  of  the  transitional 
alumina.  Likewise  for  amorphous  oedde  formed  in  this  study  it  was  assumed 
that  the  tindy  divided  material  indicated  a  very  large  speciCc  sur&ce  area. 
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Bersard  ^rc  Randall  (14)  have  maintained  that  the  diffesion  rate  of 
■arater  or  arater  vapor  through  alaminnna  oxide  layers  is  Ae  governing  factor 
in  hydrated  oxide  growth.  Therefore,  not  only  is  water  transport  a  major 
•actor  curing  deiydration  of  a  hydrated  phase  to  transitional  alumina,  bat  it 
is  conversely  a  major  facto-  in  hydration  or  r^ydratiem  as  well.  From 
either  direction  (dchydratiOT.  or  hydration)  an  intermediate  material,  such  as 
transitional  alumina,  may  exist  which  is  the  easily  r^ydrated  phase  and 
which  is  primarily  dependent  on  the  same  factor,  vrater  transport.  Assuming 
this  to  be  true,  it  apperars  that  the  initially  amorphous  oxide  may  be  similar 
to  the  transitional  alumina  described  by  P:mee. 

On  the  other  hand,  there  also  exist  points  of  dissimilarity  between 
the  two  oxides.  The  m^hods  of  preparation  are  greatly  different,  i.  e. 
vacuum  dehydration  of  hydrargillite  at  high  temperature  for  transitional 
alumina  and  essentially  room  temperature  growth  from  amalgamated 
aluminum  at  high  relative  humidity  for  the  amorphous  oxide  of  this  study. 

The  ''d”  spacings  for  the  transitional  alumina  (1. 393  A.  )  do  not  correspond 
to  the  main  X-ray  line  for  our  oxide  (1. 99  A. );  and  the  product  for  the 
rehydration  of  transitional  alumina  was yS  Al^O^-  BH^O.  whereas  the  hydrated 
product  of  our  oxide  was  C{  Al^O^*  3HyO.  FinaUy.  the  existence  of  chi 
alumina  indicates  a  fozmation  temperature  of  400- 600*  C.  It  is  unreasonable 
to  belic-.'c  that  such  temperatures  were  reached  in  the  reaction  \*essel. 
Concerning  the  two  methods  of  rehydration  of  these  oxides,  the  transitional 
alumina  was  r^ydrated  in  lipoid  water  at  25*  C. .  whereas  sur  coddc  was 
r^ydrated  in  air  under  room  conditions. 


Zl. 


in  Summary,  it  appears  tsat  the  transitional  alumina  of  Papee  ct.  ai. 
is  similar  in  many  respects  to  the  amorphous  oxide  formed  ia  the  present 
study.  The  similarity  is  not  quantitative,  however,  and  future  studies  ^culd 
determine  if  these  points  of  di^erence  are  one  of  degree  or  of  kind. 

The  chief  eacperinaental  fact  which  is  lacking  at  the  present  time  is  the 
water  content  of  the  amorphous  oxide.  Uncqni*.-ocal  measurements  designed 
to  determine  the  composition  of  the  product  are  difficult  to  formulate  because 
of  the  possible  perturbing  iaSacncc  of  small  amounts  of  unreacted  mercuric 
iodide,  metallic  mercury,  or  particles  of  aluminum  on  gi^vimetric  or 
ther.oai  measurements,  Consideratiert  is  being  given  at  tha  present  lime 
to  carrying  out  such  experiments. 


28. 
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